Altinci P, Mutluay M, Tj€ aderhane L, Tezvergil-Mutluay A. Inhibition of dentin matrix-bound cysteine cathepsins by potassium fluoride. Eur J Oral Sci 2019; 127: 1-9. © 2018 Eur J Oral Sci Matrix metalloproteinases (MMPs) and cysteine cathepsins (CCs) can break down unprotected type I collagen fibrils in dentin matrix. This study investigated the use of potassium fluoride (KF) as a potential inhibitor of MMPs and CCs in dentin. Demineralized dentin beams were divided into groups (n = 10 in each group) and incubated in artificial saliva (AS, control), either alone or with one of seven concentrations of KF (6-238 mM fluoride) for 1, 7, and 21 d. After 21 d, all groups were further aged in AS for 6 months. Total MMP activity was screened using the colorimetric MMP assay. The activities of MMP-2 and MMP-9 were investigated using gelatin zymography. At the end of each incubation, changes in loss of dry mass and CC-mediated or total dissolution of collagen peptides were measured via precision weighing, C-terminal crosslinked telopeptide of type I collagen (CTX), and hydroxyproline (HYP) assays. The beams were examined using scanning electron microscopy. After 21 d, total MMP activities, dry mass loss, and CTX release for the groups exposed to 179 and 238 mM fluoride were significantly lower compared with the control group. After 6 months, all groups showed similar total MMP activity, dry mass loss, and HYP release, and CTX levels were significantly lower when the fluoride concentration was ≥24 mM. Calcium fluoride (CaF 2 )-like precipitates were observed over the beams. In summary, KF significantly inhibited the catalytic activity of dentin matrix-bound CCs but did not seem to be effective for MMP-mediated activity.
Endogenous dentin enzymes -including cysteine cathepsins (CCs) K and B, and matrix metalloproteinases (MMPs) 2, 3, 7, 8, 9 , and 20 -have the ability to cleave type I collagen fibrils of the dentin organic matrix (1, 2) . These enzymes are normally found in a silent state in mineralized dentin. However, they become activated as a result of the dissolution of hydroxyapatite minerals following acid attack under erosive or cariogenic conditions (3) (4) (5) (6) . The proteolytic activities of these enzymes have been well demonstrated as the autodegradation mechanism of deficiently resin-infiltrated collagen fibrils within hybrid layers created by contemporary adhesive resins (7) (8) (9) (10) . Consequently, such an irreversible breakdown of dentin collagen plays a role in the progression of dentin caries and dentin erosion and in the failure of adhesively bonded restorations, resulting in high biological and financial costs (4-6, 8, 9, 11) .
Preventing proteolysis in demineralized dentin matrices may improve the remineralization prospect of early caries lesions by maintaining the structural integrity of demineralized collagen scaffold (12) (13) (14) and hence may reduce the need for restorative treatment. Likewise, incorporation of anti-enzymatic measures into dentinbonding procedures can create adhesive interfaces with increased stability, improving the longevity of the restorations (5, 8, 9, 11) . This can be achieved by increasing the degradation resistance of the collagen and/or by inactivation of the collagen-degrading enzymes (8, 9) . Despite extensive research, the clinical effectiveness of these strategies is not proven (15, 16) .
Previously, silver diamine fluoride and sodium fluoride (NaF), at various concentrations, have been shown to inhibit the catalytic activity of recombinant MMPs 2 and 9 or MMP-8 (17, 18) , but similar inhibitory effects were not confirmed on dentin matrix-bound MMPs (19) . Conversely, high concentrations of NaF were shown to have a significant inhibitory effect on dentin matrix-bound CCs (19) .
Potassium fluoride (KF) is one of the F -compounds used in dentin adhesives and dentin desensitizing agents (20) (21) (22) (23) . Hence, this study aimed to investigate the use of KF on the inhibition of the dentin matrix-bound MMPs and CCs in order to improve the stability of demineralized dentin matrices. The null hypothesis tested was that KF does not inhibit the catalytic activity of dentin matrix-bound MMPs and CCs, does not prevent proteolytic degradation of the dentin organic matrix, and does not prevent the solubilization of collagen peptides from insoluble collagen matrices.
Material and methods
Intact human molars were used for the study series according to the approval of the Ethics Committee, Faculty of Medicine, University of Oulu (#19/2006). The teeth were disinfected and stored in 0.02% sodium azide (NaN 3 ) before use. Dentin disks from the mid-coronal portion of the teeth were sectioned using a low-speed diamond saw (Isomet saw; Buehler, Lake Bluff, IL, USA) under continuous water-cooling. Then, dentin beams (1 9 2 9 6 mm) were cut from the discs and demineralized in 10% phosphoric acid for 24 h. Following rinsing in distilled water under constant stirring at 4°C for 8 h, the beams were placed in a vacuum desiccator containing dry silica beads and dried to a constant weight within 72 h, as measured using a digital microbalance with a sensitivity of 0.001 mg (Mettler XP6 Microbalance; Mettler Toledo, Hightstown, NJ, USA). Each beam was allocated to a group with similar baseline dry mass values. After rehydration in distilled water at 4°C for 2 h, the beams were inserted into labeled polypropylene tubes containing 1 ml of artificial saliva [5 mM HEPES, 2.5 mM calcium chloride monohydrate (CaCl 2 ÁH 2 O), 0.02 mM zinc chloride (ZnCl 2 )] (7) containing KF with F -concentrations of 6, 12, 24, 48, 120, 179, 238 mM at pH 7.4 (n = 10 per group) for 1, 7, and 21 d. The control group was incubated in artificial saliva only (i.e. without fluoride). After 21 d of incubation, the beams were further incubated in artificial saliva only (i.e. without fluoride) for 6 months. The incubation processes were implemented in a shaking water bath (OLS200; Grant Instruments, Cambridge, UK) at 60 cycles per min and at 37°C. The incubation medium obtained at each study time point was stored at À70°C until required for analysis to determine the degradation products of collagen fibrils.
Total MMP activity
Demineralized dentin beams were used as the enzyme source for a generic colorimetric MMP assay (Sensolyte Generic MMP assay; Anaspec, San Jose, CA, USA) in order to detect the effect of KF on total dentin matrix-bound MMP activity (19, 24) . The beams were incubated in 300 ll of chromogenic thiopeptide substrate and assay buffer (60 min at 37°C). Then, they were removed from the wells, and baseline readings for the substrates degraded by the dentin matrix-bound MMPs were carried out using a plate reader (Synergy HT; BioTek Instruments, Winooski, VT, USA) at 412 nm. The beams were placed into groups of similar mean baseline enzyme activities (n = 10 per group). After each incubation period, the beams were rinsed with distilled water for 8 h to remove excess fluoride and the buffer salts, and the total MMP activity was remeasured. The results were expressed as a percentage of the untreated baseline level to determine the percentage of inhibition or activation.
Gelatin zymography
The activities of MMP-2 and MMP-9 in demineralized dentin treated with increasing concentrations of KF (containing 6-238 mM F -) were assessed using a gelatin zymography assay (25) . Dentin powder (200 mg per group), demineralized in 10% phosphoric acid for 10 min, was treated with KF with F -concentrations of 6, 12, 24, 48, 120, 179, and 238 mM (100 ll) for 5 min at 4°C, centrifuged (12,000 g, 20 min), and the supernatants were discarded. Following washing with distilled water, the samples were suspended in extraction buffer [50 mM Tris hydrochloride (Tris-HCl), pH 6, containing 5 mM CaCl 2 , 100 mM sodium chloride (NaCl), 0.1% Triton X-100, 0.1% non-ionic detergent P-40, 0.1 mM ZnCl 2 , 0.02% NaN 3 ] for 24 h at 4°C, sonicated (2 9 10 min), and centrifuged (12,000 g, 20 min, 4°C). The supernatants were collected and concentrated (10,000 g, 20 min, 4°C) to a total volume of 50 ll in a Vivaspin centrifugal concentrator (10,000 kDa cut-off; Vivaspin Sartorius Stedim Biotech, G€ ottingen, Germany). The total protein concentration of the dentin extracts was determined using the Bradford assay, as described previously (26) . Then, dentin protein aliquots of 100 lg were diluted (1:4) in Laemmli sample buffer. After electrophoresis in a 10% SDS-polyacrylamide gel (containing 1 mg ml À1 of fluorescein-labeled gelatin) and washing in 2% Triton X-100 for 1 h, the gel was incubated in zymography activation buffer (50 mmol l À1 of Tris-HCl, 5 mmol l À1 of CaCl 2 , pH 7.4) for 48 h. Prestained low-range molecular-weight SDS-PAGE standards (Bio-Rad, Hercules, CA, USA) were used as molecular weight markers. The gelatinase activities in the demineralized dentin powder were also analyzed. The results were monitored using a long-wave UV light scanner (Chemi-Doc Universal Hood; Bio-Rad). The entire experiment was performed in duplicate.
Dry mass loss
Dry mass loss of the beams was analyzed as an indirect indicator of proteolytic degradation in dentin organic matrix (7) . Following each incubation, the beams were washed in distilled water under constant stirring at 4°C for 8 h, then placed in a desiccator for 72 h until dry to a constant weight. Dry masses were measured using a digital microbalance and calculated based on the respective baseline dry mass, in order to express the results as the percentage change of dry mass. Then, the beams were rehydrated in distilled water at 4°C for 2 h and returned to the incubation tube containing the corresponding fresh medium for the next incubation period.
C-terminal crosslinked telopeptide of type I collagen analysis
C-terminal crosslinked telopeptide of type I collagen (CTX) is the end product of CC-dependent degradation of collagen in dentin matrix; hence, quantification of the CTX content of the incubation medium was used as an indirect indicator of CC activity (27, 28) . Therefore, the incubation medium of each beam was analyzed using specific assay kits for human serum CTX (Serum CrossLaps ELISA; Immunodiagnostic System, Farminton, UK) and a plate reader (Synergy HT, BioTek Instruments, Winooski, VT, USA). The measurements were performed in triplicate.
Hydroxyproline analysis
Hydroxyproline (HYP) is an amino acid constituting 9.6 mass% of type I collagen fibrils. The quantity of HYP in the incubation medium of dentin beams is an indicator of the total amount of collagen degraded through the action of both MMPs and CCs (29). For this purpose, 400 ll of incubation medium was mixed with 400 ll of HCl (final acid concentration of 6M HCl) in glass ampules (Wheaton, Millville, NJ, USA), closed by flame sealing (Ampulmatic; Bioscience, Allentown, PA, USA), and incubated at 118°C for 18 h to hydrolyze the content to amino acids. After cooling to room temperature, the ampules were opened and the contents were dried in the desiccator. Using the colorimetric method of JAMALL et al. (30) , the dried contents were processed for the HYP assay. Briefly, 1.2 ml of 50% isopropanol in water and 0.2 ml of Chloramine-T solution with acetate citrate buffer were added to each ampule. Ten minutes later, 1 ml of Ehrlich's solution containing 4-dimethylamineobenzaldehyde, 60% perchloric acid, and 100% isopropanol were admixed. Following incubation at 50°C for 90 min, the liquids were transferred to the cuvettes and the absorbances were read using a spectrophotometer (Model UV-A180; Shimadzu, Tokyo, Japan) at 558 nm. The results were calculated as lg of HYP per mg of dry mass of demineralized dentin before incubation.
Scanning electron microscopy and energydispersive X-ray spectroscopy analysis After incubation for 21 d or 6 months, representative beams from each group were gold-sputtered (SC7620 Sputter Coater; Quorum, East Sussex, UK) and examined under a scanning electron microscope (Phenom-World, Eindhoven, the Netherlands) operating at 10 kV. Fractured beams were analyzed by elemental analysis using an energy-dispersive X-ray spectroscopy (EDS) detector integrated to the scanning electron microscope at 15 kV. Line scan function of the analysis software was used to evaluate penetration of fluoride inside the beams up to approximately 100 lm in depth.
Statistical analysis
The dry mass loss, CTX, and HYP data obtained on the days of 1, 7, and 21 were separately investigated. The data were analyzed using repeated-measures ANOVA with 'pretreatment' condition as the group variable and 'timepoint' as the repeated factor. If significant interactions were found, the pretreatment groups were compared separately at each time point and time points were compared separately for each group. The data on 6 months' dry mass loss and on CTX and HYP were evaluated separately using one-way ANOVA. All pairwise multiple comparisons were tested with Tukey HSD post-hoc tests. SPSS Statistics 23.0 software (IBM, Armonk, NY, USA) was used for the all statistical tests (P = 0.05).
Results
Total MMP activity results for demineralized dentin beams incubated for 1, 7, and 21 d are shown in Fig. 1 . Baseline MMP activity was the same for all groups after 60 min of incubation (P ≥ 0.05). The MMP activity increased to approximately 275% in the control group and to 125-340% in the KF groups after 1 day Potassium fluoride and dentin enzymes of incubation. Significantly lower values, compared with the control group, were found in all groups treated with F -concentrations of ≥179 mM (P = 0.000). In general, there was a gradual decrease in the total MMP activities of KF groups after 7 and 21 d of incubation, which was significant only for the 179 mM F -group (P = 0.032 and P = 0.002, respectively).
The gelatin zymography results are given in Fig. 2 . Gelatinolytic activity was detected in the protein samples extracted from demineralized dentin powder, showing distinctive bands at 95 kDa and 68-72 kDa, corresponding to the molecular weights of pro-MMP-9, and active and proforms of MMP-2, respectively. The bands indicating MMP-9 activity were highly noticeable as the demineralized dentin powder treated with KF contained increasing concentrations of F -(6-238 mM).
Regarding MMP-2 activity, the bands also remained traceable in the KF groups. Figure 3 shows the mean (AESD) dry mass loss of the control and the F -groups after 1, 7, and 21 d. Including both 7 and 21 d of incubation, groups exposed to ≥24 mM F -had significantly reduced dry mass loss of the beams compared with the control (P = 0.01). After 21 d of incubation, the dry mass loss percentage was approximately 8% for the groups exposed to F -≥ 24 mM compared with 16% in the control group. The mean (AESD) values of CTX and HYP released into the incubation medium from the incubated beams are presented in Fig. 4 . After 7 and 21 d, the amounts of CTX were significantly lower in groups exposed to ≥ 24 mM F -compared with the control (P = 0.000). On the other hand, there were no significant differences Fig. 2 . Gelatin zymography of dentin protein extracted from demineralized dentin powder. Lane 1 (control): molecular weight markers; lanes 2-8: demineralized dentin powder treated with potassium fluoride (KF) concentrations ranging from 6 to 238 mM, demonstrating the presence of matrix metalloproteinases (MMPs) 2 and 9; lane 9 (DEMIN): proteins extracted from demineralized (10% phosphoric acid) dentin powder, indicating the presence of MMP-2 and MMP-9. between the HYP levels of the F --exposed groups and the control group at 1, 7, and 21 d of incubation (P ≥ 0.05).
The results of assessment of total MMP activity, dry mass loss, and the HYP and CTX assays after 6 months of incubation in artificial saliva only are given in Fig. 5 . The total MMP activity of the groups showed a gradual increase with increasing KF levels up to 24 and 48 mM F -. Compared with the control group, the MMP activity values in these groups (24 and 48 mM F -) were significantly higher (P = 0.036 and P = 0.000, respectively); however, for higher F -concentrations (F -> 48 mM), no significant difference from the control group was found (P ≥ 0.05). The most significant finding was that the amount of CTX released into the incubation medium was significantly lower for the groups exposed to ≥48 mM F -(P = 0.002, P = 0.003, P = 0.003, P = 0.002, respectively). There were no significant differences between the dry mass loss or HYP levels of groups exposed to different F -levels and the control (P ≥ 0.05). Scanning electron microscopy-EDS data of beams after 21 d and 6 months of incubation are shown in Fig. 6 . In the group exposed to 6 mM F -, superficial CaF 2 -like mineral deposits were observed on the beam surfaces after 21 d of incubation. These minerals seemed denser in the groups exposed to concentrations of F -of ≥ 24 mM. Moreover, the collagen matrix seemed to become denser as a result of the increased mineral content in the groups containing higher amounts of fluoride (as seen in groups exposed to 179 mM F -) indicating the occurrence not only of mineral precipitation but also incorporation of mineral into the organic matrix. After 6 months of incubation in artificial saliva only, the mineral deposits had partially dissolved. Energy-dispersive X-ray spectroscopy analysis confirmed the presence of fluoride inside the beams. The fluoride level was also quite stable, at approximately 10%, up to a depth of 100 lm.
Discussion
Fluoride is an antibacterial and anticariogenic agent that is widely used in various oral hygiene products as well as in restorative materials, such as glass ionomerbased restoratives, bonding agents, and composite resins (12, 14, 23, 31, 32) . Although the prophylactic and therapeutic efficacies of different fluoride compounds and fluoride concentrations on preventing caries, erosion formation, and caries progression have been extensively studied (14, 20, (31) (32) (33) (34) , only a few studies report the effects of F -on the catalytic activity of recombinant and dentin matrix-bound MMPs and CCs, and these show conflicting results (6, 17, 19, 35, 36) . Therefore, in this study we investigated the effect of increasing concentrations of F -(in KF) on inhibiting Potassium fluoride and dentin enzymes dentin matrix-bound enzymes and consequently preventing the enzymatic degradation of demineralized dentin matrices. Endogenous dentin enzymes bound to dentin matrix can be more resistant to inhibition than the recombinant enzymes (37) . The inhibitor agent (KF) itself may interact with the other constituents of dentin, which may reduce the inhibitory efficacy. Therefore, the present study investigated the enzymatic activities in dentin matrix using different methods. First of all, enzymatic activity changes induced following KF treatment were evaluated using the total MMP activity assay and gelatin zymography. After each incubation period, the total MMP activity of KF groups gradually decreased with increasing F -concentrations compared with the control. This finding implies that KF might be an effective inhibitor of dentin matrix-bound MMPs. However, the zymography results did not support this implication. Hence, the dry mass loss of the beams was assessed as an indirect indicator of proteolytic activity, caused by the leaching of degraded collagen fragments into the incubation medium. Compared with the control group, the groups exposed to F -concentrations of ≥24 mM showed significantly less dry mass loss after 7 and 21 d of incubation. This could be related either to the inhibition of proteolytic enzymes or to the precipitation of minerals over dentin beams at high concentrations of KF, which masked the dry mass loss. We therefore performed CTX and HYP assays to detect collagen-degradation products liberated into the incubation medium during each incubation period. Cathepsin inhibition was clearly demonstrated after both 7 and 21 d, but there was no significant decrease in the HYP levels compared with the control. Considering that HYP analysis reflects the total amount of collagen degraded by both MMPs and CCs, it was concluded that KF was ineffective in the inhibition of dentin matrix-bound MMPs. This is in accordance with previous studies (19, 35) .
Calcium fluoride minerals can form on dentin surfaces when treated with a few millimoles of F -at neutral pH (38) . Therefore, KF is an agent mostly used in the composition of dentin desensitizers because of its dentin tubule-plugging property resulting from precipitation of mineral (21) . Scanning electron microscopy demonstrated the deposition of increased densities of CaF 2 -like minerals over the beams, corresponding to the increased concentrations of fluoride in KF. This precipitation of minerals may explain, at least partly, the decrease in dry mass loss of beams exposed to F -concentrations of ≥24 mM in comparison with the control after 7 and 21 d of incubation, despite the loss of collagen. Moreover, it was thought that the precipitates might block the enzyme activities and prevent effective penetration of the thiopeptide substrate of the MMP assay into dentin. Hence, the substrate would not be digested by the MMPs, and therefore the total MMP assay may not clearly reflect the MMP activity in the demineralized dentin beams.
The second part of the present study involved longterm incubation of dentin beams in artificial saliva without KF. This part of the study aimed to evaluate whether the inhibitory effect is reversible. It was thought that CaF 2 -like minerals would be dissolved during the incubation, and that this would not occur if there was any mineral barrier limiting the release of degradation products into the incubation medium. As expected, the scanning electron microscopy images confirmed dissolution of the minerals after 6 months, and, consistent with this finding, the dry mass loss of the beams increased. Regarding the total MMP activity assay after 6 months, activity in the control group was approximately 50% of the baseline value, which is in line with a previous study (39) , and there was a general decrease in the MMP activity of KF groups compared with the levels measured after 1, 7, and 21 d of incubation. On the other hand, when the MMP activities of KF-exposed groups were compared at 6 months, there was a gradual increase of MMP activity with increased F -concentration up to 48 mM, which was significant for the groups exposed to 24 and 48 mM F -compared with the control, whereas the groups exposed to ≥ 120 mM F -demonstrated MMP activity similar to that of the control group. These results were also attributed to the dissolved precipitations, which allowed infusion of the substrate into the beams and digestion by MMPs during the total MMP assay, whereas undissolved precipitations were still posing limitation for the enzyme-substrate interaction in groups exposed to ≥ 120 mM F -. The most significant finding of the present study is the demonstration that KF was efficient for the inhibition of dentin matrix-bound CCs in the long term, and Potassium fluoride and dentin enzymes this inhibitor effect was concentration-dependent. Therefore, the tested hypothesis is partially rejected as KF in high concentrations prevented the degradation of demineralized dentin by CCs. The mechanism behind this inhibition, however, remains unknown. A possible explanation might be that F -binds to the enzyme structure as a result of its high electronegativity, causing conformation changes in the enzyme structure or blocking the catalytic zones in which the collagen cleavage occurs. On the other hand, there was no significant difference between the HYP levels of the KF-exposed groups and the control, although the CTX levels were low after 6 months of incubation. This result was expected owing to the ongoing MMP activities and showing good agreement of both parameters. It has previously been reported that MMPs are the primary enzyme family causing degradation of demineralized dentin matrices, while CCs play a secondary role by cleaving off the non-helical collagen fragments and by activating the MMPs (6, 7) . In this regard, our results also confirm the significance of MMP inhibition for preventing degradation of demineralized dentin matrix. The inhibition of CCs was not sufficient to terminate or diminish the MMP activity, which might also be related to the relative amounts of MMPs and CCs in dentin.
In the current study, 1-mm-thick demineralized human dentin specimens were used to evaluate the inhibitory effect of KF over a 6-month period. This macromodel provides an opportunity to investigate human dentin as an enzyme source considering that dentin matrix-bound enzymes can behave differently from the recombinant enzymes when subjected to inhibitor agents (37) . However, 6 months is a relatively short time period relative to the lifespan of restorations and therefore long-term clinical simulations should be used in further experiments to investigate long-term effectiveness.
Within the limitations of this study, the high concentrations of KF were show effective in the inhibition of the catalytic activity of dentin matrix-bound CCs. This inhibitory effect was also found to be dependent on the F -concentration used as concentrations of ≥24 mM F -were effective both short-and long-term. Furthermore, the cathepsin inhibitory efficacy of KF remained the same at higher levels of F -, as a F -concentration of 238 mM demonstrated a degree of cathepsin inhibition similar to that found at 24 mM F -. However, the use of KF alone might not be sufficient to prevent the overall degradation of demineralized dentin matrices, considering that MMPs are the main enzymes responsible for the degradation of demineralized dentin matrix.
